In this paper, a multiuser multi-antenna relay system with wireless power transfer is investigated, where the relay node harvests energy from the radio frequency signal sent from the source node and utilizes the harvested energy to forward the information signal to users. Under the transmit power constraints at all nodes, the optimization problem is formulated which maximizes the achievable sum rate of the relay system by optimizing the time switching (TS) factor and the source and the relay precoding matrixes. We divide the complex non-convex objective problem into several subproblems which are solved by the proposed alternating optimization (AO) scheme. We also propose a novel power allocation scheme across subchannels to maximize the sum rate. Since the objective function to optimize the relay power allocation is not convex, difference of convex programming is adopted to transform the original non-convex problems into convex optimization problems. Simulation results are provided to verify the analysis and demonstrate the efficiency of the proposed AO scheme.
I. INTRODUCTION
Recently, the number of Internet of Things ( IoT) devices has increased dramatically and will grow to 50 billions by 2020. The applications of IoT devices cover almost any fields. However, the life time of IoT devices limits the applications of IoT devices. In order to overcome these constraints of traditional charging technique, a new technique utilizing radio frequency (RF) signals to harvest energy has been developed and is named simultaneous wireless information and power transfer (SWIPT) technique. This provides a potentially unlimited power supply for IoT devices and significantly increases the device life-time [1] - [2] .
A. LITERATURE REVIEW SWIPT technique are being investigated in energy-limited wireless networks, due to the high capability to prolong the lifetime of the wireless networks. IoT devices are powered by limited batteries, and it's difficult to charge the batter-The associate editor coordinating the review of this manuscript and approving it for publication was Min Jia . ies or replace batteries because of the economic or power supply constraints [3] .
The SWIPT technique takes the advantage of the radiofrequency (RF) signal which carries both information and power simultaneously. The authors of [4] proposed two practical schemes which split the RF signal into energy harvesting (EH) and information decoding (ID) for SWIPT, where two splitting schemes were named as time switching (TS) and power splitting (PS), respectively. The TS scheme employs time switch periodically to split the received signal into EH and ID, whereas the PS scheme adopts power splitter to separate the received signal into two signal flows with a PS factor, where one portion power is to EH and the other one is to ID [5] .
MIMO transceiver can not only improve the spectral efficiency by the spatial multiplexing gain but also harvest more energy from the received RF signal via the multiple antennas [6] - [12] . Therefore, the scheme of combining SWIPT and MIMO has been widely investigated to improve the performance of wireless network [13] - [19] . In [20] , the authors adopted iterative optimization algorithm to maximize the weighted sum energy of two source nodes for MIMO SWIPT relaying system, where the users are equipped with a signal antenna. In [21] , a wireless powered communication MIMO relay system with direct link was consider, where the sources and relay nodes precoding matrixes and the TS factor were derived to maximize the achievable rate of the system subjecting to the energy constraints at the relay and source nodes. In [22] , the authors investigated the achievable sum-rate of wireless information and power transfer in full-duplex (FD) two-way massive MIMO AF relay system with TS scheme and derived the asymptotic sum-rates under various power scaling cases. In [23] , a SWIPT two-way AF relay system with multiple antennas was studied. The authors solved the energy efficiency maximization problem by the designs of precoding and PS factor.
However, very few studies have been focused on a multiuser multi-antenna relay system with an EH relay node. Furthermore, the relaying system in which the source and relay are equipped with a single antenna has a limited performance as in [20] . Motivated by this, we investigate the transceiver optimization problem for multiuser multi-antenna relay systems with energy harvesting.
B. CONTRIBUTIONS
In this paper, we consider a multiuser multi-antenna relay system with an EH relay node, where the source has continuous energy supply and the relay is an energy demander and charged by the RF signals sent from the source. The main contributions of this paper are summarized as follows:
• We study the joint optimization of TS factor and the source and relay precoding matrixes to maximize the achievable sum rate of the relay system under the transmit power constraints at all nodes. We also derive the structure of the source and relay precoding matrixes based on SVD-ZF, which reduces the original complex problem to a simpler power allocation problem.
• The closed-form expression of the optimal EH precoding matrix at the source node is obtained. Then, we propose an alternating optimization (AO) scheme to divide the complex non-convex optimization problem into three resolvable subproblems..
• We propose a novel relay power allocation scheme across subchannels to maximize the sum rate. Since the objective function to optimize the relay power allocation is not convex, difference of convex programming (DC programming) is adopted to transform the original nonconvex problems into convex optimization problems.
• Some simulation results are provided to verify the performance of the proposed AO scheme and analyze the impacts of various parameters on the achievable sum rate.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM MODEL
In this work, we consider a multiuser multi-antenna relay system where the source node transmits information to K single-antenna users with the aid of one relay node as illustrated in Fig. 1 . The source and relay nodes are equipped with N S and N R antennas, respectively. We assume that K ≤ min {N S , N R }, which provides sufficient freedom degrees for signal detection. The direct links between the source and users are ignored due to the effect of path attenuation and the shadowing influence caused by some barriers. We also assume that AF relay protocol is utilized and all nodes are operated in half-duplex mode. Different from the conventional multiuser relay system, we here consider an EH relay node. The source and user nodes have their own steady power supply, while the relay depends on harvesting the RF energy from the signals sent from the source node, and stores the energy in a battery. Under the above assumptions, the total time T of one communication period is divided into three phases. TS protocol is employed by the source node. In the first phase, the source node sends the energy-carrying RF signals to the EH relay node with a duration of αT , where 0 < α < 1 is the time switching factor. In the second phase, the source transmits the information signals to the relay node with a duration of (1 − α) T 2. In the last phase, the relay node utilizes the harvested energy to forward the information signals to the users with a duration of (1 − α) T 2.
During the first phase, the energy-carrying RF signal vector S e ∈ C N e ×1 is transmitted with a beamforming matrix F e ∈ C N S ×N e . The optimal value of N e will be stated in detail. We assume that E S e S H e = I N e , where E [·] is the statistical expectation, I N e denotes an N e ×N e identity matrix, and (·) H indicates the conjugate transpose operation. The received signal at the relay node can be expressed as
where H ∈ C N R ×N S denotes the coefficient matrix from the source to the relay, n Re ∈ C N R ×1 is the zero-mean additive white Gaussian noise (AWGN) at the relay with covariance matrix σ 2 Re I N R , and F e should satisfy the power constraint
where tr (·) denotes the matrix trace and P S indicates the average transmit power at the source node. The total harvested energy at the relay is given by
where η ∈ (0, 1) denotes the energy conversion efficiency, which depends on the energy transducer circuitry. During the second phase, the source node transmits K data streams to the relay node, each carrying an independent message intended for one of the K users. The transmit signal vector at the source node can be written as
where s k denotes the data signal for user k with zero mean and variance E |s k | 2 = 1, f S,k ∈ N S ×1 indicates the corresponding beamforming vector for data signal s k , and the precoding matrix at the source node consists of this K beamforming vectors as F S = f S,1 , · · · , f S,K . According to the transmit power constraint, we have
The received signal vector at the relay node can be expressed as
where n R ∈ C N R ×1 is the zero-mean AWGN vector at the relay with covariance matrix σ 2 R I N R . During the third phase, after precoding y R with the matrix F R ∈ N R ×N R , the relay node utilizes the harvested energy to forward the processed signal to all the users. Hence, the signal vector transmitted from the relay can be shown as
The transmission power constraint of the relay can be written as
Finally, the received signal at the k-th user can be expressed as
where g k ∈ C N R ×1 is the conjugate channel vector between the relay node and user k, and let G = [g 1 , · · · , g K ] H ∈ C K ×N R stand for the concatenation of relay-to-user channels, and n k is the antenna noise at user k with zero mean and variance σ 2 k . Accordingly, the signal-to-interference-plus-noise ratio (SINR) at user k is found to be
In this paper, we design the optimal precoding matrixes at the source and the relay nodes and the optimal TS factor for the multiuser multi-antenna relay system to maximize the achievable sum rate, while satisfying the transmit power constraints at all nodes. The achievable sum rate of all users can be expressed as
From (2), (5), (8) and (11), for the multiuser multiantenna relay system with TS-based wireless power transfer, the transceiver optimization problem which maximizes the achievable sum rate subject to the transmit power constraints is formulated as
It is worth mentioning that problem (12) is no-convex with the transceiver precoding matrixes and TS factor and is challenging to obtain the global optimal solution. Accordingly, we propose an alternating optimization (AO) algorithm, which works out a solution to the complex non-convex objective problem.
III. TRANSCEIVER PRECODING DESIGN BASED ON SVD-ZF
In this section, we present the structures of the source and relay precoding matrixes to solve problem (12) . First, we introduce the singular value decomposition (SVD) operation for the channel matrix H as H = U V H , where denotes a diagonal matrix with no-negative real singular values sorted in a decreasing order. Due to the prior assumption K ≤ min {N S , N R }, we defineŨ ∈ C N R ×K andṼ ∈ C N S ×K as the leftmost K columns of U and V, respectively. Moreover, let˜ ∈ C K ×K denote the primary diagonal block of .
A. OPTIMAL SOLUTION OF THE ENERGY PRECODING MATRIX
It can be observed from problem (12) that F e is absent from the objective function and it only has influence on the constraints on (12c) and (12e). Hence, we can obtain the optimal energy precoding matrix F e at the source node in the following theorem.
Theorem 1: The optimal energy precoding matrix F e to problem (12) is given by
where v 1 denotes the first column of V corresponding to the largest singular value of . Proof: Please refer to Appendix A. From Theorem 1, we can see that the optimal energy precoding matrix F e is a rank-one matrix. This implies that the source utilizes only one energy stream (i.e., N e = 1) instead of multiple energy streams to maximize the energy transfer efficiency. Therefore, all transmit power at the source is allocated to the optimal subchannel of H. For F e , maximizing the feasible region of problem (12) is equivalent to the solution of maximizing the achievable sum rate. It is clear that the optimal F e can be obtained in closed-form. Plugging (13) into problem (12), the original transceiver optimization problem is simplified as
where λ H ,1 is the first diagonal element of .
B. PRECODING DESIGN BASED ON SVD-ZF
The optimization problem (14) is still no-convex with F R , f S,k and α. In this section, we propose the AO algorithm based on SVD-ZF. The structures of the source and relay information precoding matrixes can be proposed as
where S and R are two diagonal matrixes representing the power allocation at the source and relay, respectively, RT and G is a diagonal matrix denoting the channel gain between the relay and users.
Define λ S,k , λ R,k , λ H ,k and λ G,k as the k-th diagonal entries of S , R ,˜ and G , respectively. Based on the definition of F S =Ṽ S , we have
where v k is the k-th column of the matrixṼ. Based on the above structures of the precoding matrixes, we have Proposition 1.
Proof: Please refer to Appendix B. To find the optimal solution of problem (14) , we conduct some further transformations on the constraints. To be specific, we transform the terms tr
Since A = F H RT F RT is a hermitian matrix which all diagonal entries are equal to 1, we have and similarly
Based on the property tr v k v H k = 1 and (16), the constraint (14c) can be rewritten as
By substituting (17) (19) (20) and (21) back into (14), the transceiver optimization problem (14) with matrix variables can be reformulated as the following power allocation problem with scalar variables
where λ S = λ 2 S,1 , · · · , λ 2 S,K T and λ R = λ 2 R,1 , · · · , λ 2 R,K T denote the allocated power of the subchannels at the source and relay, respectively.
IV. PROPOSED ALTERNATING OPTIMIZATION ALGORITHM
In this section, we propose the AO-based optimization algorithm to solve the nonconvex problem (22) . In this design, λ R , λ S and α are successively optimized in turn, while the other variables are fixed. In the first subproblem, we optimize the relay power allocation variable λ R with fixed λ S and α. In the second subproblem, the source power allocation variable λ S is explicated with the fixed remaining parameters.
In the third subproblem, the optimal α is derived.
A. OPTIMIZE THE RELAY POWER ALLOCATION
With the fixed λ S and α, the optimization problem (22) can be reformulated as
It is worth noting that the optimal solution of λ R is also difficult to be obtained by the interior point method and the sequential quadratic programming. Accordingly, we decompose the objective function (23a) into the difference of two convex functions and consider an efficient DC programming approach to find the power allocation at the relay.
1) DC PROGRAMMING
DC Programming has drawn a lot of attention to solve nonconvex optimization problems. Inspired by the structure of the formulated problem in [13] , the objective function can be expressed as
where f (x) and g (x) are two continuous, convex or quasiconvex functions, x = [x 1 , · · · , x L ] T denotes the variable and χ is a convex set. The minimization problem (24) is not convex in general. However, Algorithm 1 can be adopted to transform this non-convex problem into convex sub-problems. The procedure to solve problem (24) is summarized in Algorithm 1, where θ is a positive constant close to 0, In this algorithm, the term −g (x) is replaced by the convex majorant (24). With the convex domain χ, the optimization problem in (25) can be solved by conventional schemes of convex optimization theory, i.e., sequential quadratic programming and interior point method. Here, the interior point method is adopted in the simulations. Algorithm 1 Iterative for DC Problems 1: Initialize x (0) , set the iteration number n = 0. 2: while p x (k+1) − p x (k) > θ do 3: Define an auxiliary functionp (n) (x) aŝ
where W x (n) = ∇g x (n) .
4:
Solve the optimization problem
5:
n ← n + 1.
6: end while
The convergence of Algorithm 1 can be easily proved by
where p x (n) =p (n) x (n) denotes the n-th iteration step. Based on (26), we can obtain thatp (n) x (n) ≥p (n) x (n+1) . Hence, p x (n) monotonically decreases as n increases. With
the assumption that f (x) and g (x) are continuous and differentiable in convex domain, it can be observed that Algorithm 1 always returns a stationary point of the objective function p (x).
2) DC PROGRAMMING TO OBTAIN THE RELAY POWER ALLOCATION
Based on (23), the problem of finding λ R to maximize the achievable sum rate can be rewritten as (28), as shown at the bottom of this page. In order to apply the DC programming approach, we can convert (28) to DC representation as (29), as shown at the bottom of this page. Interestingly, although problem (29) is still a non-convex objective function, it has a nice DC programming structure with respect to λ R . The DC programming terms are defined as (30), (31) and (32), as shown at the bottom of this page. After defining
From (33) and (34), we can conclude that F (λ R ) and G (λ R ) are convex functions in terms of λ R . Therefore, the DC programming approach can be adopted to solve the optimization problem of power allocation at the relay node.
In order to simplify the feasible region of the optimization problem (23), we define d k = λ 2 H ,k λ 2 S,k + σ 2 R and D = 2α 1−α η λ 2 H ,1 P S + N R σ 2 Re . Thus, (23b) can be transformed into
The objective function can be a minimization of a difference of F (λ R ) and G (λ R ), which is expressed as
The procedure of obtaining the relay power allocation λ R is summarized in Algorithm 2. 3: Define an auxiliary functionP (n) (λ R ) aŝ
(37) 4: Solve the optimization problem
5:
n ← n + 1. 6: end while
, · · · , 1 ln 2 For this subproblem, in order to optimize the source power allocation λ S , we assume the relay power allocation λ R and TS factor α are fixed. The transceiver optimization problem in (22) can be restated as
Thus, we have
According to (40), the objective function (40) is concave. With the convex feasible region, the optimization problem is a concave maximization problem which can be readily solved by minimizing the convex objective function −J λ 2 S,k through CVX tool.
C. OPTIMIZE TS FACTOR
With the given λ R and λ S , the problem of optimizing variable α in (22) is equivalent to
. Based on the function relation between α and (41), the simplified TS factor design problem yields the following problem
It is noteworthy that the objective function in (42) achieves a higher value when one of the power constraints holds with equality. Hence, the optimal solution of TS factor can be obtained as
.
(43)
D. SUMMARY OF THE PROPOSED AO-BASED OPTIMIZATION ALGORITHM
The proposed SVD-ZF-based algorithm with AO to solve the optimization problem (22) is summarized in Algorithm 3.
Once the better power allocation is obtained, we replace the equal power allocation with new power allocation design to achieve higher achievable sum rate. After performing Algorithm 3, we can transform F S into K precoding vectors at the source node (i.e., f S,k , k = 1, · · · , K ). Regarding the convergence behavior, we have the following proposition. a. Calculate λ R by solving the optimization problem (38) with DC programming approach; b. Calculate F R by substituting λ R back into (15) .
2) Update F S , w.r.t. F R and α.
a. Calculate λ S by solving the optimization problem (39) with CVX tool; b. Calculate F S by substituting λ S back into (15) .
3) Update α = A A+2ηB , w.r.t. F R and F S . 4: Until convergence .
V. NUMERICAL RESULTS
In this section, some simulation results are provided to verify the performance of proposed AO scheme in the multiuser multi-antenna relay system with TS-based wireless power transfer. As shown in Fig. 2 , the source-relay distance is denoted as d SR = ξ L, and the relay-users distances are same as d RU = (1 − ξ ) L, where 0 < ξ < 1 indicates a placement factor and L = 30 meters (m) is the path length from the source to users. Note that these are based on the typical setting of wireless power transfer provided in [16] . Similar to [21] , we model the channel matrixes as
RU denote the large-scale path loss with ϕ being the path loss exponent, and H and G indicate the small-scale Rayleigh channel fading. We assume that ϕ = 3 and the equivalent noise power at the relay and users is fixed as σ 2 Re = σ 2 R = σ 2 k = −40 dBm. Unless specifically illustrated, we set the energy conversion efficiency η = 0.8, the total communication period T = 1 second and N S = N R = K .
For the source energy precoding F e , maximizing the harvested energy at the relay is equivalent to the solution of maximizing the achievable sum rate of relay system. Several different precoding schemes are implemented as follows:
• SVD based scheme: F e,SVD = e V, where e denotes the power allocation diagonal matirx and can be obtained by the well-known water-filling algorithm. Fig. 3 depicts the harvested energy versus the source transmit power at the relay with different energy precoding schemes. It can be seen that the harvest energy at the relay node for all the schemes monotonically increases as the source power increases. In addition, it can be observed that the proposed EH scheme outperforms other schemes. This happens because the source allocating all transmit power to the optimal subchannel leads to better EH performance. Fig.4 illustrates the influence of the antennas number on the harvested energy. It can be noted that more antennas at both the source and the relay can harvest more energy. This is due to the fact that a large number of antennas at the transceiver can increase extra spatial degrees of freedom, which can be well utilized for the EH precoding design.
For the information transfer precoding design at the source and relay nodes, we implement some strategies as follows:
• Proposed joint optimization scheme summarized in algorithm 3. Note that we implement the AO scheme with the initialization F S = P S N S I N S , F R = D/tr P S N S HH H + I N R σ 2 R I N R and α = 0.5. In Fig. 5 , we compare the proposed AO scheme with several different precoding schemes. It is clear that the rate performance with the proposed AO scheme overcomes all other schemes. The reason behind this is that the proposed AO scheme can apply the optimal precodings at source and the relay and design the optimal TS factor to enhance the users SINRs. We can also see that SVD-MF based scheme has a better rate performance than ZFR-ZFT based scheme and APA based scheme at low source power. Besides, it is interesting to note that ZFR-ZFT based scheme yields a better performance than SVD-ZF and SVD-MF based schemes at high source transmit power. The reason is that ZFR-ZFT based scheme can cancel the inter-user interference easily at high transmit power. Fig. 6 illustrates the performance of the proposed AO scheme and ZFR-ZFT based scheme in terms of the source transmit power and the antenna number. It can be observed that the rate performance of two schemes increases as the source power increases. Also, there is a big gap between the achievable rate with AO scheme and that with ZFR-ZFT scheme, and the gap becomes expanding as the antenna number and user number increase. Fig. 7 shows the achievable sum rate versus the relay placement factor with different precoding schemes. It can be seen that the system when the relay is located close to the source or users has a better rate performance than that when the relay is located in the middle of source-user line. One reason is that the relay near the source can harvest more energy, the other one is that when the relay is close to users, the channel equality between the relay and users is relative better than that when the relay located in the middle of source-user line. However, the relay placement factor has litter effect on the performance of SVD-ZF and APA based schemes. This is due to the fact that the relay systems with SVD-ZF and APA based schemes are difficult to cancel the inter-user interference and are not sensitive to the channel state. 
VI. CONCLUSION
In this paper, we have investigated the achievable sum rate of the multiuser multi-antenna relay system with TS-based wireless power transfer. We have formulated the optimization problem by considering the transmit power constraints on the achievable sum rate. The structure of the source and relay precoding matrixes based on SVD-ZF has been derived and the alternating optimization algorithm has been proposed to solve the transceiver optimization problem. Since the objective function to optimize the relay power allocation is not convex, DC programming was utilized to solve the optimization problem. Simulation results have been presented to verify the performance of our proposed schemes.
APPENDIX A PROOF OF THEOREM 1
It is worth noting that as F e does not appear in (12a), and it changes the value of the achievable sum rate via altering the feasible region of the optimization problem given by the constraints (12c) 
According to Proposition 2.1 of [4] , the optimal solution to problem (44) is given by F e F H e = P S v 1 v H 1 . Therefore, we have the optimal energy precoding matrix F e = √ P S v 1 .
APPENDIX B PROOF OF PROPOSITION 1
Based on the structures of the source and relay information precoding matrixes, the desired signal term in (10) can be written as
It is clear from (45) that
Similarly, the interference term in (10) can be written as
Due to j = k, it is easy to obtain that g H k F R Hf S,j = 0. Thus, the interference terms in (47) have been canceled by adopting the ZF precoding operation. Accordingly, we have 
whereũ k is the k-th row of the matrixŨ. Since ũ k = 1, we have
By substituting (46), (48) and (50) into (10), we obtain
As a direct result, the objective function (14a) can be simplified as (17) . This completes the proof.
APPENDIX C PROOF OF PROPOSITION 2
In the i-th iteration of the proposed alternating optimization algorithm based on SVD-ZF, we first calculate F (i) R with the given F (i−1) S and α (i−1) . Since the optimal solution F (i) R can be obtained with DC programming approach, we can get that the objective function value corresponding to F (i) R , F (i−1) S and α (i−1) is no less than that to F (i−1) R , F (i−1) S and α (i−1) . Similarly, for the given F (i−1) R and α (i−1) , the optimal solution F (i) S can be obtained with CVX tool, and the objective function VOLUME 7, 2019 value corresponding to F (i) S is no less than that to F (i−1) S . With the fixed F (i−1) R and F (i−1) S , we have the similar conclusion about and the objective function value is rising. Therefore, the achievable sum rate is non-decreasing during per-each iteration. Since the maximum transmit power at the source and the relay nodes are supplied, there exists an upper bound of the objective function value. Consequently, the proposed alternating optimization algorithm based on SVD-ZF will gradually approach the upper bound as iteration increases. This testifies the monotonic convergence of Algorithm 3.
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